at the CO midplane snow line. This prediction can be tested directly using observations from ALMA with higher resolution and better sensitivity.
Introduction
Planetary systems are assembled from dust and gas in the disks surrounding pre-main sequence stars. The nature of the formed planets are intimately linked to the structure, composition and evolution of the parent circumstellar disk. Molecular emission lines serve as probes of disk characteristics, such as density, temperature and ionization fraction, that are not accessible by other observations. For example, N 2 H + along with the deuterated ions like H 2 D + and DCO + are believed to trace the ionization fraction near the midplane of the disks (Öberg et al. 2011c ). Molecular distributions in disks are also important to characterize because of their connection with the composition of forming planetesimals.
This especially true of organic molecules, of which H 2 CO is an important representative.
While most molecules are expected to be reprocessed in larger planetary bodies, the disk-chemical composition may survive quite intact in icy planetesimals, including comets (Mumma & Charnley 2011) . Such planetesimals may have seeded the Earth with water and organics, connecting disk chemistry with the origins of life. Predicting the organic composition of these planetesimals depend on our understanding of the distribution of the organic composition of grains in the disks.
The overall disk chemical structure is set by a combination of photochemistry at the disk surface and sequential freeze-out of molecules in the disk interior (e.g. Aikawa et al. 2002) . The distributions of N 2 H + and H 2 CO and their relationship to CO present important test cases of the chemical models. The CO molecule is one of the last to freeze out and predicted to deplete quickly from the gas-phase at T< 20 − 25 K for typical disk mid-plane densities. Abundant N 2 H + is expected only where CO is depleted because N 2 H + forms from protonation of N 2 , which remains in the gas-phase at temperatures a few degrees lower than CO (Öberg et al. 2005) , and is destroyed mainly by reactions with CO (Bergin et al. 2002) .
In dense cores in star forming regions, the abundance of CO is observed to show a strong -4 -anti-correlation with N 2 H + (e.g. Caselli et al. 1999; Bergin et al. 2002; Jørgensen 2004) . In disk models, this effect is manifested as a jump in the N 2 H + column density at the CO "snow line", one order of magnitude in a recent calculation (Walsh et al. 2012) . The snow line is here defined as the disk radius where the midplane dust temperature is cold enough for volatiles to condense into ice grains.
The H 2 CO chemistry is more complicated than N 2 H + because H 2 CO can form through several different pathways, both in the gas-phase and on grain-surfaces. Grain-surface
formation of H 2 CO should depend directly on CO freeze-out; constrained by theory (Tielens & Hagen 1982; Cuppen et al. 2009 ) and experiments (e.g. Watanabe et al. 2003; Fuchs et al. 2009 ), H 2 CO (and CH 3 OH) form readily from CO ice hydrogenation. If this is the dominant formation pathway of H 2 CO in disks, and if ices are partially desorbed non-thermally (e.g. Garrod et al. 2007; Öberg et al. 2009b,a) , then H 2 CO gas should coincide with N 2 H + exterior to the CO snow line.
To date, emission from millimeter wavelength H 2 CO and N 2 H + lines has been detected toward 8 and 6 protoplanetary disks, respectively (Dutrey et al. 1997; Aikawa et al. 2003; Qi et al. 2003; Thi et al. 2004; Dutrey et al. 2007; Henning & Semenov 2008; Öberg et al. 2010 , 2011b . Most detections are toward T Tauri stars with massive disks, and the detection fraction toward more luminous Herbig Ae stars is low (Öberg et al. 2011b Routine calibration tasks were performed using the MIR software package 1 , and imaging and deconvolution were accomplished in the MIRIAD software package.
Results
In at the location of the continuum peak that marks the stellar position, but instead show significant offsets. This is most readily apparent for the H 2 CO 3 1,2 − 2 1,1 line that was observed with a slightly smaller and more advantageously rotated beam, where the emission appears ring-like. This is the second reported observation of a ring-like H 2 CO distribution after DM Tau (Henning & Semenov 2008) . Interpreting the H 2 CO emission toward DM Tau is however complicated by a large central cavity in dust emission (Andrews et al. 2011) . The line fluxes are listed in Table 1 , and the values are comparable to detections of these lines toward other large protoplanetary disks (Öberg et al. 2010, 2011b) .
HD 163296 H 2 CO Model Results
Figure 1 demonstrates that H 2 CO emission toward HD 163296 is spatially resolved and thus contains information on the radial distribution of H 2 CO in the disk. The relative excitation of the two H 2 CO transitions should probe primarily the vertical distribution and thus provide complementary constraints. We explore the H 2 CO distribution based on a previously developed accretion disk model with a well-defined temperature and density -8 -structure, constrained by the HD 163296 broadband spectral energy distribution, spatially resolved millimeter dust continuum, and multiple CO and CO isotopologue line observations (Qi et al. 2011) . We adopt the same methods as Qi et al. (2008) for constraining the H 2 CO distribution, here fitting models that assume a radial power-law ( §3.2.1) and a simple ring
with inner boundary at the CO "snow line" ( §3.2.2).
Power-law Model
For a first-order analysis of the distribution of H 2 CO, we model the radial variation in the column density as a power law N 100 × (r/100) p between an inner radius R in and outer radius R out , where N 100 is the column density at 100 AU in cm −2 , r is the distance from the star in AU, and p is the power-law index.
For the vertical distribution, we assume that H 2 CO is present with a constant abundance in a layer with boundaries toward the midplane and toward the surface of the disk (similar to Qi et al. (2008) ). This assumption is motivated by chemical models (e.g. both σ s and σ m , but in this case of very modest signal-to-noise, we fix σ s to 0.79, the surface boundary found for CO by Qi et al. (2011) , and we fit σ m for the midplane boundary and the power-law parameters (N 100 , p, R in and R out ).
Using the structure model, we compute a grid of synthetic H 2 CO visibility datasets Database (Schöier et al. 2005) . Table 2 lists the best-fit parameters of the model. The power-law index of 2 implies an H 2 CO column density that strongly increases with radius. Figure 3 shows the best-fit radial distribution of the H 2 CO column density. Figures 4 and 5 present comparisons between the observed channel maps and the best-fit model. The model reproduces the main features of the observations remarkably well, in particular the flux ratio between the inner and outer channels, and the lack of emission at the location of the continuum peak. Figure 6 shows the χ 2 surfaces for the R in and R out versus the power law index p, which enables us to quantify the uncertainties associated with the inner and outer region sizes and the power-law index. We find that p is constrained between 0.5-3.0 (within 1σ) while R in is constrained to be <200 AU. The χ 2 value does not change significantly for inner radii <90 AU, as expected for the 2 ′′ beam size of the observations. The outer radius is better constrained, since the emission is very sensitive to the value of R out with a positive power-law index. Figure 7 shows the H 2 CO 3-2 line spectrum compared with the spectra derived from models with different radial column densities power-law indices. The spectra suggest a lack of high velocity line wings associated with emission originating in the inner regions of the disk, consistent with the results of the χ 2 analysis.
-10 -
Ring Model
The positive power-law index found for the H 2 CO radial distribution implies that H 2 CO is present mainly in the outer disk. This is expected if H 2 CO forms in situ from CO ice hydrogenation and is therefore present mainly beyond the CO snow-line, previously determined to be at 160 AU by Qi et al. (2011) . Guided by this astrochemical ansatz, we have tried a second "ring" model where the H 2 CO gas is only present where CO has frozen out. The vertical surface boundary is then defined by the CO freeze-out temperature of 19 K (Qi et al. 2011) , while the midplane boundary can be constrained by the excitation of multiple H 2 CO transitions, as in the power-law model. Within this layer, the abundance of H 2 CO is assumed to follow that of H nuclei with a constant fractional abundance, which is also a parameter fit to the data.
The best-fit abundance is 5.5 × 10 −11 and the midplane boundary σ m is consistent with what we find in the power-law model (Table 2 ). the ring model channel maps display some subtle differences. But both provide good fits to the data within the noise of the SMA observations. The same model also provides a good match to the N 2 H + flux, but the combination of low signal-to-noise and observations of just one transition preclude any independent modeling of the N 2 H + distribution.
-11 - 
where E 0 and E 1 are the upper energy levels for the low and high H 2 CO transitions used in the calculation (H 2 CO 3 0,3 − 2 0,2 and 4 1,4 − 3 1,3 for most disks), ν and Sµ 2 the corresponding line frequencies and temperature independent transition strengths and dipole moments, T dv the integrated line intensity, which is calculated from the integrated fluxes based on
where F is the flux in Jy, T the intensity in K, λ the line wavelength in millimeters, and a and b the emission diameters in ′′ . Because of both vertical and radial temperature gradients in the disk, the size dependence of the emission regions from two transitions is complicated but the emission area is not expected to be very different. For simplicity we assume the extent of the emission is the same for both transitions on account -12 -of the model dependent effects of the temperature gradients. All of the line parameters were gathered from Splatalogue (a transition-resolved compilation of several spectroscopic databases), with the data originating from CDMS (Müller et al. 2005) . LTE is a reasonable approximation if H 2 CO is mainly present at high densities. The critical densities for the observed H 2 CO transitions vary between 10 5 and 5×10 6 cm −3 (Troscomptet al. 2009), dependent on assumed kinetic temperatures. At radii <300 AU, all gas colder than 25 K is at densities higher than 10 7 cm −3 (Qi et al. 2011) , justifying this assumption.
Using the simulated spectra we derive an excitation temperature of 27 K for the model with p = −2 and excitation temperatures close to or below 20 K for the other two models.
Excitation temperatures thus provide some constraints on the H 2 CO distribution, but a temperature close to the expected CO freeze-out temperature only implies an increasing abundance with radius; it cannot be used to assess how steeply the abundance increases.
By combining the new H 2 CO detections toward TW Hya and HD 163296 with H 2 CO data from DISCS (Öberg et al. 2010, 2011b) , we have a sample of 10 disks with two H 2 CO line detections or one H 2 CO line detection and one upper limit (Table 3) . These data are sufficient to calculate excitation temperatures, albeit with substantial uncertainties. Figure   8 shows the calculated excitation temperatures for 9 of the 10 disks; the chemically peculiar Herbig Ae star HD 142527 is not included because its excitation temperature of 250 K is probably not due to thermal excitation.
The H 2 CO excitation temperature, listed in Table 3 , is consistent with, or lower than, the CO freeze-out temperature of ∼20 K for all of these disks. The average H 2 CO temperature in the sample (excluding HD 142527) is 18 ± 6 K. We note that the relatively high excitation temperature toward HD 163296 is most likely due to the fact that some H 2 CO 3-2 emission is resolved out by the SMA observations, as the compact-north antenna configuration has few short baselines. Where possible, we base the comparison on the H 2 CO 3 0,3 − 2 0,2 line that has E up = 21 K, similar to N 2 H + J = 3 − 2 (E up = 27 K), to minimize variations in fluxes caused by the different detailed temperature structures in different disks. Excluding HD 142527, this line has been observed toward 6/9 of the sample. For the remaining 3/9 disks, we calculate the expected H 2 CO 3 0,3 − 2 0,2 line flux based on the H 2 CO excitation temperatures and fluxes of other H 2 CO lines toward each source. We then normalize the flux of each H 2 CO 3 0,3 − 2 0,2 line to the (Taurus) distance of 140 pc, and we further normalize to a disk mass of 0.01 M ⊙ to account for the fact that more nearby and more massive disks tend to have overall stronger line emission. Figure 9 shows that there is a strong correlation between the normalized H 2 CO and N 2 H + fluxes in the disk sample; the -14 -rank correlation is statistically significant at the 95% level. As expected, Figure 10 shows that this implies a nearly constant N 2 H + 3-2 / H 2 CO 3 0,3 − 2 0,2 flux ratio across the sample.
H

Discussion
Our modeling strategy in this study and in Qi et al. (2008) has been to first constrain the overall structure of molecular emission in disks using a parametric model with a minimum of free parameters, i.e. to determine whether the radial column density profile of a species decreases, increases or is flat as a function of disk radius. As demonstrated inÖberg et al. (2012), the slope of the radial column density profile already can place significant constraints on the formation pathway of a molecule. Here we find that H 2 CO toward HD 163296 belongs to the family of molecules that display an increasing column density with radius. This first-order constraint on the H 2 CO distribution motivated us to consider H 2 CO formation pathways that would result in an increase of H 2 CO with disk radius. H 2 CO formation through CO-ice hydrogenation results in a simple prediction that H 2 CO should be present in a ring, with the inner edge at the CO snow line. We therefore set up a second model, based on this prediction, to test if the observations are consistent with this hypothesis for H 2 CO formation. We propose that this combination of backward and forward modeling both provides a fair view of the constraints obtained by fitting the data, and challenges our basic understanding of disk chemistry.
H 2 CO Formation
H 2 CO can form through multiple chemical pathways. We have shown that the H 2 CO distribution towards HD 163296 and the sample statistics are consistent with formation through in situ CO ice hydrogenation. Here we consider the effects of additional pathways -15 -for H 2 CO formation, in particular (1) in situ gas phase formation, and (2) formation in the pre-and proto-stellar phases, followed by incorporation into the disk.
H 2 CO can form in the gas-phase through ion-neutral reactions involving, e.g. CH + 3 or through neutral-neutral reactions between CH 3 and O (e.g. Aikawa & Herbst 1999) . The neutral-neutral formation pathway is expected to result in a radially flat column density structure for a typical T Tauri disk (Aikawa & Herbst 1999) , with most emission originating at temperatures of 20-40 K (Aikawa et al. 2003) . It is not clear from existing disk models whether the structure will look substantially different if the neutral-ion reactions dominate.
In a protostellar chemistry model (Bergin & Langer 1997) , CH + 3 disappears when CO depletes (E. Bergin, private communication) . This suggests that H 2 CO forming through this pathway should be anti-correlated with CO-freeze-out. Neither of these gas-phase pathways thus predicts excess H 2 CO column densities in the outer disk, or at low (T<20 K) temperatures. The observed low excitation temperature could on its own be explained by efficient turbulent mixing of H 2 CO formed in the gas-phase and then cooled down in the midplane regions, similarly to what has been proposed to explain cold CO gas in disks (Aikawa 2007) . Turbulent mixing would not, however, explain the observed deficiency of H 2 CO towards the inner disk in HD 163296. Gas-phase formation of H 2 CO then seems an unlikely dominant source of H 2 CO in disks in light of the new observations, but the case is unlikely to be conclusively settled until the exclusive grain-surface product CH 3 OH is observed to display a similar distribution.
H 2 CO in disks could be a product of protostellar or molecular cloud chemistry, as H 2 CO is commonly observed in pre-and protostellar sources, and this molecular content may be preserved, at least in part, through the process of disk formation. Willacy (2007) has modeled this scenario, starting with a H 2 CO ice abundance of 10 −6 n H inherited from the cold cloud. The model also includes H 2 CO formation through gas-phase processes -16 -in the disk and results are presented with and without photodesorption. In the model without photodesorption, H 2 CO follows CO in the inner disk and has an additional outer disk component with an abundance that decreases with radius beyond the CO snow line.
When photodesorption is included, the H 2 CO column is flat across the disk, corresponding to a power-law index of 0. Neither predicted abundance pattern is consistent with the new observations. In addition, H 2 CO is common towards protostellar sources of a range of luminosities (e.g. Schöier et al. 2004; Bisschop et al. 2007 ), while it is pre-dominantly detected towards disks around the low luminosity T Tauri stars.
In short, H 2 CO formation through in situ CO-ice hydrogenation is not only consistent with the observations, but it is the only pathway proposed (so far) that naturally explains the observations. To conclusively demonstrate a CO-ice hydrogenation origin would, however, require the detection of co-spatial emission of CH 3 OH; CH 3 OH has no known efficient gas-phase formation pathway and is predicted to form together with H 2 CO whenever CO ice is hydrogenated ).
Locating the CO "Snow Line"
The "snow line" is typically used to denote the midplane disk radius at which the temperature is low enough for water to condense out on dust grains. Outside of the snow line, grain accretion will be faster because of larger and stickier grains, which may substantially speed up the formation of planetesimals and eventually planets (e.g. Hayashi Localizing the CO snow line directly from millimeter CO data is challenging, however.
Disks have both a radial temperature gradient away from the central star, and a vertical one set by radiative heating at the disk surface (e.g. Aikawa & Herbst 1999) . This results in a CO condensation front that is located at different radii at different disk heights (Fig.   11 ), and also that some CO is present at all radii in the upper disk layers. This fact, together with a complex radiative transfer (most CO lines are expected to be optically thick in the disk center and optically thin in the outer parts of the disk), means that the location of a CO snow line in a disk cannot be inferred from simply inspecting a CO disk image. The best constraint that exists to date on a CO snow line radius is toward the Herbig Ae star HD 163296 based on the analysis of multi-transition, multi-isotope, spatially resolved CO line data on a self-consistent physical disk model (Qi et al. 2011 ).
The temperature structure of the model has been constrained by optically thick multiple CO lines and detailed analysis of the optically thinner 13 CO emission reveals a significant column density reduction at around 165 AU that cannot be explained by the overall disk column distribution as traced by the dust. This is interpreted as the result of CO freeze-out and the location as the CO snow line. Uncertainties in the temperature structure will mainly affect the determination of the CO freeze-out temperature at the location of the CO snow line, rather than the location itself , which is constrained between 135 and 175 AU in the disk of HD 163296. While fruitful, this is a time consuming approach that will be difficult to apply to larger samples of disks and will always include some degree of model dependency.
-18 -Another approach to constrain the CO snow line location is to identify trace species that are only present where CO has begun to freeze out. Such molecules should display a ring-like structure with the inner edge corresponding to the midplane CO snow line. As we have described, N 2 H + and H 2 CO are good candidate probes of CO snow lines. In principle, these species can be used as powerful chemical imaging tools to constrain CO snow line locations in large samples of disks, rather than relying on complex analysis of the CO isotopologue observations.
Simulated ALMA Observations
It seems clear that both N 2 H + and H 2 CO are outer-disk species from the chemical perspective. To connect their formation to the onset of CO freeze-out conclusively requires a combination of higher sensitivity, and higher resolution imaging. This kind of imaging can be done with the newly available capabilities of the ALMA telescope in Chile, which is nearing completion of construction.
To demonstrate the astrochemical predictions generated by our analysis of the SMA data, and the ease at which they can be tested with ALMA, we present a set of simulations of HD 163296 ALMA observations using the antenna configuration 5 (corresponding to 0.3 ′′ resolution) in Figure 12 . The predicted H 2 CO and N 2 H + rings are readily detected at this resolution, and the power-law and ring models are clearly distinguished. For both models, the diameter of the emission maximum can be estimated directly from the images within a fraction of the beam size, enabling us to determine if the H 2 CO and N 2 H + emission truly trace the CO snow line. In addition, ALMA should have sufficient sensitivity to detect CH 3 OH if it is present with a similar abundance and distribution as H 2 CO, as expected if both of these species are formed through CO hydrogenation and then non-thermally desorbed.
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Conclusions
We have presented three observational results that support the idea that CO freeze-out regulates the H 2 CO and N 2 H + chemistry in disks:
1. H 2 CO and N 2 H + emission towards HD 163296 appears offset from the continuum peak at a size scale consistent with the CO snow line at 160 AU. These observations are matched well by a ring model where H 2 CO is present only in the disk regions with CO freeze-out.
2. The H 2 CO excitation temperature in a sample of 9 disks is typically below ∼ 20 K, consistent with the bulk of H 2 CO emission originating in disk regions where CO is expected to freeze-out.
3. The H 2 CO and N 2 H + emission are correlated across the disk sample, consistent with the hypothesis of coexistence beyond the CO snow line.
These results suggest that both N 2 H + and H 2 CO should be present in rings, with the inner edge at the CO snow line. This may be used as a probe of CO snow line locations across samples of disk and is also important for predicting the organic content of comets forming at different disk radii. In general, the radial and vertical distributions of molecules constitute strong probes of the basic chemistry used into astrochemical models, while molecular abundances and column densities are probably best used to test our understanding of the structure and history of individual objects. The red dashed lines mark V LSR toward each source, based on CO observations (Qi et al. 2006 (Qi et al. , 2011 . The double-peak structure typical for rotating disks is not resolved toward TW Hya with the applied spectral resolution because of its face-on orientation.
-27 - Fig. 3 .-The hydrogen nuclei column density toward HD 163296 (Qi et al. 2011 ) is plotted together with the H 2 CO column density from the best-fit power law and 'ring' models. In the ring model, the H 2 CO abundance is defined to be zero when the temperature is less than 19 K, the CO freeze-out temperature, which leads to the sharp drop in the H 2 CO column density interior to the CO snow line at 160 AU. surfaces. Co freeze-out beyond the CO-snow line (R 20K ) and interior to the dashed contour is predicted to result in a large increase of N 2 H + and the onset of H 2 CO production from CO ice. The ice may then non-thermally desorb to produce gas-phase H 2 CO. 
